Abstract. One approach to guarantee the performance of underwater acoustic sensor networks is to deploy multiple Surface-level Gateways (SGs) at the surface. This paper addresses the connected (or survivable) Constrained Surface-level Gateway Placement (C-SGP) problem for 3-D underwater acoustic sensor networks. Given a set of candidate locations where SGs can be placed, our objective is to place minimum number of SGs at a subset of candidate locations such that it is connected (or 2-connected) from any USN to the base station. We propose a polynomial time approximation algorithm for the connected C-SGP problem and survivable C-SGP problem, respectively. Simulations are conducted to verify our algorithms' efficiency.
Introduction and Motivations
Underwater Acoustic Wireless Sensor Networks (UA-WSNs) consist of underwater sensors that are deployed to perform collaborative monitoring tasks over a given region [1] . Underwater sensors are prone to failures because of fouling and corrosion. It is important that the deployed network is highly reliable, so as to avoid failure of monitoring missions due to failure of single or multiple sensors. Additionally, the network topology is in general a crucial factor in determining the energy consumption, the capacity and the communication delay of a network [2] . Hence, the network topology should be carefully engineered, and post-deployment topology optimization should be performed, when possible.
There is an architecture for 3-D UA-WSNs, consisting of resource-constrained Underwater Sensor Nodes (USNs) floating at different depths in order to observe a given phenomenon, some resource-rich SGs which are placed at the surface, and BSs (onshore sink or satellite etc.). The SG is equipped with an acoustic transceiver that is able to handle multiple parallel communications with the USNs. It is also endowed with a long range Radio Frequency (RF) transmitter to communicate with other SGs and the Base Stations (BSs). This network architecture provides better QoS and is used to quickly forward sensing data packets to the user [1, 3, 4] . In practice, however, there are some physical constraints on the placement of the SGs (or relay nodes). For example, there should be a minimum distance between two SGs in the network to avoid interference. Also, there may be some regions where SGs cannot be placed. In practice, there may be a forbidden regions where SGs cannot be placed [8] .
In this paper, we study the Constrained Surface-level Gateway Placement (C-SGP ) problem for 3-D underwater acoustic sensor networks, in which the optimization objective is to place the minimum number of SGs at a subset of candidate locations to meet 1-connectivity and Survivability (2-connectivity) requirements. We propose an approximate algorithm for the two problems respectively, and corroborate the algorithms' performance through theoretical analysis and simulations.
The rest of this paper is organized as follows. In Section II we present related works. Section III describes the network model and basic notations. The 1-connected and survivable C-SGP problems are studied in section IV. Section V presents the simulation results, and Section VI concludes this paper.
Related Works
The benefits of using SGs have been presented in previous research [1, 3, 4] . The work in [1] introduces a type of 3-D UA-WSNs architecture, consisting of USNs, SGs, and BSs (onshore sink or satellite etc.). The role of SGs is to communicate USNs with BSs. The work in [3] mainly focuses on the surface gateway placement. And the tradeoff between the number of surface gateways and the expected delay and energy consumption was analyzed. In [4] , the authors propose a novel virtual sink architecture for UA-WSNs that aims to achieve robustness and energy efficiency in harsh under water channel conditions.
The majority of the existing work in relay node deployment problem is based on the 2-D network model derived from the terrestrial wireless sensor networks [5] [6] [7] [8] . In addition, almost all of the above works study unconstrained version problem, in the sense that the relay nodes can be placed anywhere. However, in reality there are some physical constraints on the placement of the SGs (or relay nodes). Only works in [3, 8] address the constrained surface-level gateway (relay node) placement problem. In this paper, we focus on the constrained surfacelevel gateway placement problem in 3-D networks to meet 1-connectivity and 2-connectivity, which is different from the problems in [3, 8] . The authors in [3] only formulated the problem as Integer Linear Programming, but did not give any algorithm. In [8] , the authors studied the constrained relay node placement problem in 2-D WSNs to meet 1-connectivity and survivability requirements. However, approaches proposed for 2-D networks can not be directly applied in 3-D networks. Therefore, some new research challenges are posed.
Notations and Basic Concepts
Let us consider a 3-D heterogeneous UA-WSN consisting of USNs, SGs and a BS. The USNs are pre-deployed in the sensing area and floated at different
